To investigate the expression and localization of complement system mRNA and protein in a light-induced model of progressive retinal degeneration. METHODS. Sprague-Dawley (SD) rats were exposed to 1000 lux of bright continuous light (BCL) for up to 24 hours. At time points during (1-24 hours) and after (3 and 7 days) exposure, the animals were euthanatized and the retinas processed. Differential expression of complement genes at 24 hours of exposure was assessed using microarray analysis. Expression of complement genes was validated by quantitative PCR, and expression of selected genes was investigated during and after BCL exposure. Photoreceptor apoptosis was assessed using TUNEL and C3 was further investigated by spatiotemporal analysis using in situ hybridization and immunohistochemistry. RESULTS. Exposure to 24 hours of BCL induced differential expression of a suite of complement system genes, including classic and lectin components, regulators, and receptors. C1qr1, MCP, Daf1, and C1qTNF6 all modulated in concert with photoreceptor death and AP-1 expression, which reached a peak at 24 hours exposure. C1s and C4a reached peak expression at 3 days after exposure, while expression of C3, C3ar1, and C5r1 were maximum at 7 days after exposure. C3 mRNA was detected in ED1-and IBA1-positive microglia/macrophages, in the retinal vessels and optic nerve head and in the subretinal space, particularly at the margins of the emerging lesion. CONCLUSIONS. The data indicate that BCL induces the prolonged expression of a range of complement genes and show that microglia/macrophages synthesize C3 and deposit it in the ONL after BCL injury. These findings have relevance to the role of complement in progressive retinal degeneration, including atrophic AMD. (Invest Ophthalmol Vis Sci.
T he complement system is a component of the innate immune system, which provides a rapid host defense against a range of immunologic challenges.
1,2 Through a cascade of proteolytic cleavages that generate phagocytosis-enhancing opsonins, chemotactic anaphylatoxins, and membrane-attack complexes, 3, 4 the activity of this system complements the ability of the host to initiate humoral defenses against infectious pathogens 5 and promotes the removal of potentially noxious substances, including extracellular debris, 1, 3, 4, 6 immune complexes, 2,7-9 and apoptotic cells. 8,10 -13 Despite this beneficial function, a pathogenic role of complement in age-related macular degeneration (AMD) has been uncovered through gene association studies. These identify a significant association between the Y402H sequence variant in the regulatory gene complement factor H (CFH) with incidence of AMD, 14 -17 along with other susceptibility variants in complement pathway genes such as C2, 18, 19 CFB, 18, 19 and the central component C3. 20 -24 These findings firmly establish complement activation and inflammation as factors that influence the onset and progression of AMD. Furthermore, histologic analyses of AMD donor eyes show that complement components and regulatory proteins are present in drusen, 18, 25, 26 suggestive of chronic complement activation. However, several key aspects of the disease process remain unclear, including the cellular events that promote complement activity in the retina. 18 Some investigations have shown that the light-mediated model of retinal degeneration in rats has pathogenic features in common with atrophic AMD, [27] [28] [29] [30] [31] and it has been shown that ablation of the alternative pathway gene complement factor D (CFD) in this model attenuates photoreceptor death. 32 To better understand the role of complement in the degenerative process, in this study we sought to investigate the transcriptional profile and spatiotemporal distribution of complement gene expression in relation to areas of photoreceptor loss in the retina after damaging light. We found that photoreceptor death is accompanied by robust expression of complementrelated genes, many of which are associated with degeneration that takes place sometime after the damaging stimulus. Further, we found synthesis of C3 in the retina by infiltrating microglia/ macrophages, in spatiotemporal coincidence with photoreceptor degeneration in the atrophic lesion.
METHODS

Animals and Light Exposure
All experiments conducted were in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Sprague-Dawley (SD) rats aged from 130 to 160 postnatal days were exposed to bright continuous light (BCL) at 1000 lux according to protocols described previously. 28 The animals were exposed to BCL for a period of 1, 3, 6, 12, 17, or 24 hours, after which time retinal tissue was obtained for analysis. Some animals were returned to dimlight (5 lux) conditions immediately after 24 hours of BCL for a period of 3 or 7 days, to assess postexposure effects. Age-matched, dim-reared animals served as control samples.
Tissue Collection and Processing
Animals were euthanatized by overdose of barbiturate administered by an intraperitoneal injection (60 mg/kg bodyweight; Valabarb; Virbac Animal Health, Regents Park, NSW, Australia). The left eye from each animal was marked at the superior surface for orientation and then enucleated and processed for cryosectioning, and the retina from the right eye was excised through a corneal incision and prepared for RNA extraction.
Eyes for cryosectioning were immediately immersion fixed in 4% paraformaldehyde in 0.1 M PBS (pH 7.3) for 3 hours at room temperature, then processed as previously described 28 and cryosectioned at 16 m. Retinas for RNA extraction were immediately deposited in RNA stabilizer (RNAlater; Ambion, Austin, TX), prechilled on ice, and stored according to the manufacturer's instructions. RNA was then extracted from each sample according to a methodology established previously. 33 Isolated total RNA was analyzed for quantity and purity with a spectrophotometer (ND-1000; Nanodrop Technologies, Wilmington, DE), and samples with a 260/280 ratio greater than 1.90 were considered sufficient. The RNA quality in each sample was assessed (2100-Bioanalyzer; Agilent Technologies, Santa Clara, CA) where only samples with an integrity number (RIN) of Ն8 were used.
Microarray Experimentation and Analysis
Microarray analysis was performed using raw microarray data derived from a previous study conducted by members of our group, using rat gene microarrays (Rat Gene 1.0 ST; Affymetrix, Santa Clara, CA). 34 The full set of microarray data has been deposited in the NCBI Gene Expression Omnibus repository under accession number GSE22818 (National Center for Biotechnology Information, National Institutes of Health, Bethesda, MD). The analysis compared samples from dimreared and 24-hour BCL experimental groups (n ϭ 3 for each). The microarray data were analyzed (Partek Genomics Suite 6.4 software; Partek Inc., St. Louis, MO), and CEL files (Affymetrix) were imported into the software with background correction, normalization, and summarization, using the robust multiarray average (RMA) algorithm adjusted for probe sequence and GC content (GC-RMA). The processed values were displayed as individual probe sets representing exonic coding sequences, which were log-transformed using base 2. Differential expression analysis was performed using the analysis of variance (ANOVA) statistic with significance level of P Ͻ 0.05.
The heterogeneity of the resulting differential expression data was evaluated with agglomerative hierarchical clustering, using the Euclidean distance metric and principle component analysis (PCA; both provided by the Genomics Suite; Partek). The differential expression data were then clustered according to biological process as described by the Gene Ontology Consortium, 35 using functional analysis with Gene Ontology (GO) enrichment provided by the software (Partek GS Genomics Suite). 36 After this, the list of differentially expressed genes was screened for those relating to the complement cascade, using a differential expression cutoff of Ͼ50% and aided by pathway information summarized from the Gene Ontology Consortium 35 and gene grouping from the HUGO Gene Nomenclature Committee.
37
Quantitative Real-Time Polymerase Chain Reaction
First-strand cDNA synthesis was performed as described previously. 33 Gene amplification was measured using either commercially available hydrolysis probes (TaqMan; Applied Biosystems, Inc.
[ABI], Foster City, CA) or SYBR Green with custom designed primers, the details of which are provided in Tables 1 and 2 , respectively. The hydrolysis probes were applied according to a previously established qPCR protocol. 33 The primers for SYBR Green qPCR (Table 2) were designed within a coding domain sequence transversing an intron using the Primer3 web-based design program. 38 The qPCR was performed using a commercial qPCR system (StepOnePlus; ABI). The amplification for each biological sample was performed in experimental triplicate, with the mean C q (quantitation cycle) value then used to determine the ratio of change in expression. For both qPCRs (Taqman and SYBR Green; ABI), the percentage change compared to dim-reared samples was determined using the ⌬⌬ C q method. The expression of the target gene was normalized to the expression of the reference gene glyceralde- 
hyde-3-phosphate dehydrogenase (GAPDH), which showed no differential expression in the present study or in previous light-induced retinal damage investigations. 32, 39 Amplification specificity was assessed using gel electrophoresis. Statistical analysis was performed using the one-way ANOVA, to assess the significance of the trend in expression. Differences with a P Ͻ 0.05 were considered statistically significant.
In Situ Hybridization
To investigate the localization of C3 mRNA transcripts in the retina after BCL, a riboprobe to C3 was generated for in situ hybridization on retinal cryosections. C3 was cloned from a PCR product (483-bp amplicon) using cDNA prepared from rat retinas (as described above), the pGEM-T DNA vector system (Promega, Madison, WI), and TOP10 competent cells (One Shot; Invitrogen). A DIG RNA-labeling kit (SP6/ T7; Roche, Basel, Switzerland) was used to transcribe linearized plasmid and generate DIG-labeled antisense and sense riboprobes. In situ hybridization was performed with a protocol described previously 40 ; the C3 riboprobe was hybridized overnight at 57°C, and then washed in saline sodium citrate (pH 7.4) at 60°C. After hybridization, some sections were further stained immunohistochemically (described later).
Analysis of Cell Death
TUNEL labeling was used to quantify photoreceptor apoptosis in cryosections, during and after BCL, with a protocol published previously. 41 Counts of TUNEL-positive cells in the outer nuclear layer (ONL) were performed along the full-length of retinal sections cut in the parasagittal plane (superioinferior), including the optic disc, in adjacent fields measuring 1000 ϫ 1000 m. The final count from each animal is the average at comparable locations in two nonsequential sections. Statistical analysis was performed by using one-way ANOVA. Differences with a P Ͻ 0.05 were considered statistically significant.
Immunohistochemistry
Cryosections from each time point were used for immunohistochemical analysis, using primary antibodies for complement C3 (1:50; Abcam, Cambridge, MA), C3d (1:100; R&D Systems, Minneapolis, MN), ED1 (1:200; Millipore, Billerica, MA), and IBA1 (1:1000; Wako, Osaka, Japan). Immunohistochemistry was performed using a methodology previously described. 33 Immunofluorescence was viewed with a laser scanning microscope (Carl Zeiss Meditec, Inc.) and acquired using PAS-CAL software (ver. 4.0; Carl Zeiss Meditec, Inc.). Images were enhanced for publication (Photoshop; Adobe, San Jose, CA), which was standardized between images.
RESULTS
Microarray Analysis
Analysis of microarray data compared gene expression in retinas of animals reared in dim-light conditions with those exposed to 24 hours of BCL. We compiled a list of differentially expressed gene probe sets (P Ͻ 0.05) after BCL. Hierarchical clustering dendrograms (Fig. 1A ) generated from the resulting microarray data showed strong homogeneity among biological replicates for their respective conditions (dim-reared or BCL). Principle component analysis (PCA; Fig. 1B ) showed that 79% of variance in gene expression among the six animals analyzed by microarray was due to light conditions (dim-reared or BCL), showing high reproducibility in the microarray data. A broad perspective on the differential gene expression in these animals was achieved using Gene Ontology (GO) enrichment clustering, according to biological process, from which a list of the top 12 highly represented GO clusters was generated (Table 3 ). The cluster with the largest enrichment score included genes involved in response to stimulus (GO:0050896). Within this cluster (data not shown), differentially expressed genes include those involved in stimulus detection (GO: 0051606); response to external, chemical, and abiotic stimuli (GO:0042221, GO:0009628, GO:0009605); stress response (GO:0006950); and immune response (GO:0006955), which in turn includes a cluster for complement activation (GO: 0006957).
Differential Expression of Complement Genes in the Retina after BCL
Screening of the list of differentially expressed genes (P Ͻ 0.05) for those involved in the complement cascade resulted in the identification of a total of 18 complement-related genes, with a broad range of functional roles. Of the complement activators, complement components C1s, C2, C3, and C4 (C4b, and C4 -2) were upregulated as a result of exposure to BCL, as well as the carbohydrate recognition molecule ficolin B of the lectin pathway. Increased expression of complement receptors was observed, including integrin genes encoding the C3 receptors CR3 (CD18/CD11b) and CR4 (CD18/CD11c), the C3 anaphylatoxin receptor C3ar1, and C1qr1. Several complement regulators were also differently expressed after exposure to BCL, including increased expression of cell-surface inhibitors Daf1 (CD55) and MCP (CD46), soluble inhibitor SERPING1, and a2m, whereas C4bp expression was reduced. In addition, we observed modulation in the complement-related genes C1qTNF3 and C1qTNF6, which belong to the C1q/TNF-related protein (CTRP) family of adiponectin paralogs. 42 We tested the veracity of the data by analyzing the expression of eight of the complement genes listed in Table 4 , using comparative qPCR. Expression of all eight genes corresponded well with the data obtained from the microarrays (Fig. 2) .
Modulation of Complement-Related Gene Expression and Cell Death
We examined the temporal expression of these same eight complement genes (Fig. 2) in relation to the number of TUNELpositive cells in the ONL and expression of the apoptosisrelated gene (Jun [AP -1] 43 ; Fig. 3 ). We also included the anaphylatoxin receptor C5r1, in addition to the receptor C3ar1, even though this gene was not annotated in the microarray at the time of analysis. The temporal analysis spanned time points during (1, 3, 6, 12, 17, and 24 hours) as well as after (3 and 7 days) BCL exposure. Our previous analysis shows that the postexposure time points coincide with emergence of the lesion in the area centralis. 28 Consistent with our previous data, 33 we observed large increases in the number of TUNEL-positive nuclei in the ONL after 12 hours of BCL, progressing to a prominent peak in cell death at 24 hours of exposure (Fig. 3A) . The number of TUNELpositive nuclei decreased substantially in the postexposure period, at 3 and 7 days. We observed a significant upregulation in AP-1 expression after 3 hours of BCL exposure, which reached peak expression at 24 hours, coincident with peak cell death and declined rapidly during the postexposure period (Fig. 3A) .
Expression of complement components C1s, C3, and C4b (Fig. 3B) increased significantly between 12 and 24 hours of BCL, and all three components reached peak expression in the postexposure period. C1s and C4a reached peak expression at 3 days; the data do not show what happened to C3 expression after its apparent peak at 7 days. The receptor C1qr1 reached a peak expression in conjunction with the maximum cell death and AP-1 expression, at 24 hours of BCL (Fig. 3C) . In contrast, expression of the complement receptors C3ar1 and C5r1 reached a peak at 3 to 7 days after exposure (Fig. 3C) . The present experiments do not show how prolonged the expression of these receptors might be. Expression of the complement inhibitors MCP and Daf1 reached a peak at 24 hours of BCL (Fig. 3D) , coincident with the peak in photoreceptor apoptosis, with MCP showing the earlier and more robust expression between 12 and 24 hours of exposure. C1qTNF6 showed modest upregulation by 24 hours, followed by a gradual decrease during the postexposure period (Fig. 3D) .
Spatiotemporal Analysis of C3 Expression and Immunoreactivity after BCL
Because of its pivotal role in the activation of all three complement pathways and robust long-term upregulation after BCL (Fig. 3B) , we selected C3 for further characterization. Spatiotemporal analysis of C3 expression was conducted by in situ hybridization (Fig. 4) . In dim-reared animals, C3 expression was observed in sparsely distributed nuclei associated with the superficial retinal vasculature (Fig. 4A) . After 24 hours of BCL, we detected a substantial increase in these C3-positive cells in the retinal vasculature, which were preferentially recruited into the superior retina (Figs. 4B, 4C) , where a hotspot in photoreceptor death has been described previously.
28 C3-expressing nuclei showed continued recruitment to the retinal vasculature in spatial correlation with the developing lesion at 3 days after exposure (Fig. 4D ), and were also detected in vessels at the optic nerve head (Figs. 4E, 4F ). By 7 days after exposure, C3-expressing cells were still present in large numbers in the retinal vasculature and optic nerve head (data not shown) and were also observed in association with the degenerative remains of photoreceptors in the superior retina (Figs.  4G, 4H) . Accumulations of C3-expressing cells were particularly abundant within the ONL and subretinal space at the margin of the lesion by 7 days after exposure (Figs. 4J-L) . Few to none of these were present in nonlesion areas of the retina at 7 days (Fig. 4I) . The identity of these C3-expressing cells was determined with the microglia/macrophage markers IBA1 (Figs. 4M-O) and ED1 (Figs. 4Q-U) . Most C3-expressing cells were immunoreactive (IR) for IBA1, mainly within the ONL and subretinal space associated with the lesion (Figs. 4M-O) , and some with ramified morphology (Fig. 4N-O, asterisks) . IR FIGURE 2. Comparative qPCR validation of differentially expressed genes at 24 hours of BCL. Several significantly (*probeset where P Ͻ 0.05) differentially expressed microarray genes were selected for comparative expression analysis using qPCR. Consistent increases were detected by qPCR for each gene, which confirmed the increases in microarray gene expression. The trends in qPCR expression were generally higher than those in the microarray, particularly for C1qr1 and C3ar1.
for ED1 was also shown by some C3-expressing nuclei, such as those associated with the subretinal space in and around the lesion (Figs. 4Q-U) .
IR for C3 protein was performed using antibodies against whole C3 (Figs. 5A-J) , and the long-lived cleavage fragment, C3d (Fig. 5K-M) . 44 C3 was detected faintly within the retinal vasculature and choroid of dim-reared animals (Fig. 5A) . Similar levels of expression were detected in animals exposed to 24 hours of BCL (data not shown). However, at 3 days after exposure, we detected emerging C3-IR in the layer of outer segments at the site of the developing lesion (Fig. 5B) . Areas outside the lesion were only faintly C3-IR (Fig. 5C ). By 7 days after exposure, C3-IR was more intense (Figs. 5D-I ) and formed multiple deposits throughout the ONL within the AP-1 increased rapidly from 3 hours of BCL onward to reach a peak at 24 hours, and then tapered off rapidly by 3 days after exposure. (B) Upregulation of complement components C1s, C3, and C4b occurred between 12 and 24 hours of BCL, and remained substantially upregulated, particularly C3, in the postexposure period. (C) Expression of complement receptors C1qr1, C3ar1, and C5r1 increased substantially by 17 hours of BCL. C3ar1 and C5r1 continued to upregulate into the postexposure period, whereas C1qr1 reached a considerable peak at 24 hours before falling rapidly. (D) MCP upregulated rapidly from 12 hours of BCL to reach a peak at 24 hours, whereas Daf1 also increased over a similar time course. The complement-related gene C1qTNF6 was found to increase slightly after 24 hours of BCL, which decreased slightly over the postexposure period. The trend in expression for all genes, as well as TUNEL, was significant by one-way ANOVA (P Ͻ 0.05). lesion area, in the subjacent subretinal space (Figs. 5D, 5E) , and in segments of the retinal vasculature (Fig. 5J) . On the margins of the lesion, we observed intense C3-IR in ONL deposits (Figs. 5F, 5G ) and on photoreceptor outer segments (Fig. 5H, 5I) , coinciding with aggregations of C3-expressing macrophages (Figs. 5J-L) . IR for C3d showed spatiotemporal distribution very similar to that of whole-C3 after BCL (Figs. 5K-O) . In dim-reared animals, C3d-IR was faintly detected in the choroid and retinal vasculature (Fig.  5K) . By 7 days after exposure, C3d had accumulated in
numerous deposits situated in the ONL and subretinal space within the lesion area (Figs. 5L, 5M ), in close association with photoreceptor cell bodies (Fig. 5M) , and on photoreceptor outer segments at the lesion edge (Figs. 5N, 5O ).
DISCUSSION
The results of this study confirmed robust differential expression in the neural retina of several complement system genes after light-induced retinal degeneration. These data are consistent with the findings in a previous microarray study. 32 In addition, we demonstrated several key findings that elaborate on the role of complement in retinal damage induced by BCL. First, by microarray analysis and qPCR, we showed modulation of a suite of complement genes, including opsonin mediators from classic and lectin pathways (C1s, C2, C4, and ficolin B), complement receptors (C1qr1, C3ar1, C5r1, CR3, CR4), and regulators (MCP, Daf1, SERPING1, C4bp, a2m), many of which have not been reported previously. 32 Second, we showed the time course of modulation of some of these genes in relation to increasing levels of photoreceptor apoptosis, demonstrating persistence of upregulation beyond 24 hours of exposure-the peak of cell death (C1s, C3, C4b, C3ar1, and C5r1). Third, we showed that microglia/macrophages synthesize C3 which is preferentially deposited in the ONL and layer of outer segments in the damaged region and at the margins of the lesion in the postexposure period.
Microglia Synthesize C3 and Mediate Photoreceptor Death in Damaged Retina
To our knowledge, this is the first investigation to specifically identify cells expressing C3 in the degenerating retina and to determine the spatiotemporal profile of C3 deposition in relation to the degenerating region. In this study, we demonstrated C3 expression by microglia/macrophages IR for IBA1 and ED1, in spatiotemporal correlation with degeneration of the superior retina and C3 deposition after exposure to BCL, 28 suggesting that these aggregating cells are responsible for the local propagation of complement in the retina after light-induced damage. The emergence of C3-expressing cells from within the retinal vasculature and optic nerve head, rather than the parenchyma, after BCL, suggests that C3 is expressed initially by recruited macrophages/monocytes. 43, 45 This finding is also supported by the immunoreactivity of some cells to the monocyte/macrophage marker ED-1 46 and by other studies describing the synthesis of C3 by macrophages in vitro. [47] [48] [49] [50] Expression of C3 was observed in both ramified and nonramified IBA1-positive cells in the subretinal space at 7 days after exposure. This late expression of C3 by ramified cells suggests that parenchymal microglia also synthesize C3, 46 but are relatively slow to respond to BCL in this synthesis, compared with recruited monocytes. Our data strongly suggest that photoreceptors are a target of C3 deposition by infiltrating C3-expressing cells after BCL, as both C3 and C3d immunoreactivity was closely associated with photoreceptor cell bodies and outer segments in relation to the lesion.
The present findings suggest that retinal degeneration associated with the developing lesion is mediated at least in part by C3 deposited by C3-expressing microglia/macrophages. Although complement activation has beneficial properties, such as aiding in debris clearance by recruited phagocytes, 4 complement propagation has been shown to exacerbate photoreceptor death in light-induced damage, 32 of which C3 is a vital component that drives activation of all three complement pathways. C3 is also crucial to the assembly of the C5 convertase, a mediator of the MAC complex, which may induce apoptosis or necrosis of host cells. 51 Moreover, several studies have shown that microglial activation and aggregation are associated with photoreceptor degeneration in light-induced damage. 52, 53 The association of microglia/macrophages at the edge of lesion also suggests a role in chronic expansion of the lesion characterized previously, 28 although the localization of C3-expressing microglia past 7 days after exposure is currently unknown.
A Transcriptional Profile of Complement Activation after BCL
The transcriptional profile of complement gene expression after BCL provides insight into the breadth of complement activation in this model and its likely roles in the degenerative process. First, upregulation of macrophage receptors that recognize cleavage products of C3 (C3ar1, CR3, and CR4) and C5 (C5r1), 54 after exposure to BCL, indicate extensive activation of complement in the neural retina with the involvement of phagocytic cells. Second, there is an apparent compensatory upregulation of complement inhibitor genes (MCP, Daf1, SERPING1, and a2m) associated with the peak in photoreceptor death. Of these, MCP attenuates all three complement pathways 55 and is expressed by photoreceptors. 56 Increased expression of MCP suggests activation of a protective mechanism by stressed photoreceptors after BCL, in an attempt to safeguard from deleterious complement activation. Third, we found increased expression of many genes involved in the clearance of apoptotic cells. Classic pathway complement components (C1s, C2, and C4), as well as the C3-fragment receptors CR3 and CR4, were expressed strongly after 24 hours of BCL. This pattern of expression is consistent with a role in the removal of apoptotic cells, 1,10 -13 including uptake of apoptotic cells by macrophages. 57, 58 However, the ablation of C1q␣ in rd1 mice did not appear to delay the removal of apoptotic cells, indicating that the classic pathway-or at least C1q␣-alone may not be sufficient to initiate their clearance. 59 We also showed differential expression of the carbohydrate recognition molecule ficolin B, which promotes the removal of late-stage apoptotic cells through binding to DNA, 60 mediated by the lectin pathway. Upregulation of these genes suggests that a role of complement activation in this model is the efficient removal of apoptotic cells after BCL. Conversely, our findings implicate complement activation in exacerbating light-mediated retinal damage, where complement components (C1s, C3, and C4) and anaphylatoxin receptors (C3ar1 and C5r1) showed persistent upregulation in the postexposure period, despite the significantly lower levels of photoreceptor death. These findings are indicative of chronic propagation of complement long after its initial activation by the damaging stimulus, and they correlate with the detrimental effect of complement demonstrated by Rohrer et al. 32 This dichotomy in the effects of complement activation has been documented previously, 54, [61] [62] [63] and likely reflects a disruption of the balance between complement activation and inhibition. In light-induced damage, this may be spurred by the abundance of activating surfaces (apoptotic cells, debris) that arises after the damaging stimulus. Given that alternative pathway activation is implicated in the mediation of light-induced degeneration, 32 chronic synthesis of classic components detected in this study may stimulate further activation of complement through the amplification loop initiated by the alternative pathway, 64 as demonstrated by Rohrer et al. 65 in experimental choroidal neovascularization.
Relevance to the Role of Complement in AMD
Previous studies have shown that light-induced damage in rats has features in common with the pathogenesis of atrophic AMD. [27] [28] [29] [30] [31] Although the long-term features of atrophic AMD, such as pigmentary disturbance and drusen, are absent from this model, the development of a lesion aligned to the visual axis, 66 the characteristics of the lesion (which affect the photoreceptor layer, RPE and Bruch's membrane), and its progressive nature occur in common with the atrophic AMD lesion. 28 Like the widely used laser-induced model of neovascular AMD, this model employs an acute damaging stimulus to evoke long-term, site-specific changes in the retina and adjacent tissues.
The cellular events that lead to the propagation of complement in the human retina are not well understood. 18, 67 Nonetheless, it is well established that polymorphisms in a range of complement-related genes is associated with risk of AMD, 18 and the high levels of association between the Y402H polymorphism of the CFH gene and risk of AMD 14 -17 implicate failure to regulate the alternative pathway of complement activation with onset and progression of AMD. Experimental findings using the present model of retinal degeneration implicate activation of complement pathways in onset and progression of the retinal lesion, and show conclusively that microglia/ macrophages express C3, which is deposited in the photoreceptor layer. In these conditions, photoreceptors may become the target for activation of the alternative pathway, which would culminate in the formation of MAC, cytolysis, and cytotoxic cell death. 51 Consistent with this as a mechanism in AMD, the MAC complex has been identified in drusen of donor eyes from individuals, with and without the at-risk Y402H genotypes. 68 Moreover, accumulation of microglial cells in the macula is strongly associated with AMD pathology (Wong J, et al. IOVS 2001; 42 :ARVO E-Abstract 1222). 69 -73 In the atrophic form of AMD, photoreceptor and RPE degeneration on the edges of the lesion results in progressive expansion of the lesion, 74 and a recent study has shown that macrophages accumulate on the edges of AMD lesions. 75 The present findings suggest that these aggregations of macrophages are focal points of C3 synthesis and deposition, which may actively progress the elimination of photoreceptors in the vicinity, if left unchecked. Indeed, several studies that have shown an association in polymorphisms of C3 with the progression of AMD to geographic atrophy. 21, [75] [76] [77] Defects in regulatory genes, including CFH, may therefore predispose the photoreceptors to progressive degeneration through aberrant complement propagation induced by activated microglia/macrophages.
CONCLUSION
Our findings demonstrate that exposure to damaging light induces prolonged spatiotemporal changes in the expression of a suite of complement-related genes and further clarify the role of complement in the progression of retinal degeneration. Our evidence suggests that complement activation in the retina has both positive and negative effects, being beneficial to the maintenance of homeostasis after injury, yet harmful because of sustained propagation of components beyond the immediate injury and clean-up period. The synthesis of C3 by microglia/macrophages implicates their recruitment in the local activation of complement after retinal damage. The findings therefore suggest that therapeutic attenuation of microglial recruitment may be useful strategy to control detrimental propagation of complement in the retina.
